We present the first measurements of ion flows in three dimensions (3Ds) using laser-induced fluorescence in the plasma boundary region. Measurements are performed upstream from a grounded stainless steel limiter plate at various angles (w ¼ 16 to 80 ) to the background magnetic field in two argon helicon experiments (MARIA at the University of Wisconsin-Madison and HELIX at West Virginia University). The Chodura magnetic presheath model for collisionless plasmas [R. Chodura, Phys. Fluids 25, 1628 (1982 ] is shown to be inaccurate for systems with sufficient ion-neutral collisions and ionization such as tokamak scrape off layers. A 3D ion fluid model that accounts for ionization and charge-exchange collisions is found to accurately describe the measured ion flows in regions where the ion flux tubes do not intersect the boundary. Ion acceleration in theẼ ÂB direction is observed within a few ion Larmor radii of the grounded plate for w ¼ 80
I. INTRODUCTION
The plasma boundary region with obliquely incident magnetic fields has been a subject of considerable interest since Chodura's seminal work. 1 The topic has direct relevance to a number of important plasma physics applications, such as first wall interactions in fusion experiments and Hall thrusters. While plasma boundaries in unmagnetized and weakly collisional plasmas have been investigated through theory, 2, 3 computer simulations, and experiments, [4] [5] [6] tests of models concerning plasma boundary regions with magnetic fields oblique to the absorbing surface has been difficult to perform. In this work, we present the first fully three dimensional (3D) measurements of ion flows near an absorbing surface oriented at various angles to the background magnetic field. We argue that complete understanding of the system and accurate predictions of wall particle fluxes and erosion rates requires a kinetic analysis. Also, we show that the long-range presheath electric fields generate sputtering particle fluxes at various angles of incidence to the boundary that are not included in simpler sheath models. In this paper, we review salient results of experiments in 2D, which motivated recent 3D measurements of ion flows near the boundaries of magnetized plasmas. The new results are then discussed with respect to their implications on wall loading and sputtering of plasma first wall materials.
In Secs. I A and I B, we present some background information on the "magnetic presheath" and its relevance to important plasma physics applications. The experimental setups and diagnostics are described in Section II. We discuss the previous 2D measurements in Section III A and the new 3D measurements in Section III D.
A. Brief history of the "magnetic presheath"
The canonical work on the plasma boundary with obliquely incident magnetic fields was produced by Chodura. 1 Chodura performed a particle-in-cell (PIC) simulation of ions and electrons in the presence of a background magnetic field at an angle w to the x-axis of the Cartesian coordinate space, as shown in Figure 1 . The x-axis was normal to an absorbing boundary. Particles entered the simulation at x ¼ 0 with a drift velocity v xo and exited the domain at x ¼ L. Neither collisions nor ionization were included. The simulation showed that stable equilibria were found only when the ions flowed into the simulation space with a velocity greater than the sound speed along the magnetic field line, v xo ! c s cosðwÞ (the drift velocity along the magnetic field line was at least the sound speed), where c s ¼ ffiffiffiffiffiffiffiffiffiffiffi ffi T e =m i p is the ion acoustic speed for T e ) T i ; T e;i is the electron/ion temperature, and m i is the ion mass. Chodura also found that ions exited the domain at x ¼ L at the sound speed along the x-axis and that plasma everywhere in the simulation space maintained quasineutrality. Using fluid model scaling arguments, he claimed that the length of this acceleration region, k mps , was given by
where x ci ¼ eB=m i is the ion cyclotron frequency. 1 Chodura postulated that the plasma boundary region in the presence of obliquely incident magnetic fields is divided into three subsections near the absorbing surface: the "collisional presheath," where ions are accelerated in a quasineutral plasma to the sound speed along the field line over a distance that scales with the ion collision length, k (k ¼ 1=n n r, where n n is the neutral density and r is the collision cross section); the "magnetic presheath," where ions are accelerated in a quasineutral plasma to the sound speed normal to the surface over a distance k mps ; and the sheath, a non-neutral region where ions fall towards the wall over a few electron Debye lengths, k D . For these arguments, k D ( k mps ( k.
The Chodura model is now the standard paradigm of the plasma boundary with oblique magnetic fields and is presented in two textbooks. 7, 8 The v xo ! c s cosðwÞ requirement has even been described as the "Bohm-Chodura" criterion. 9 However, subsequent investigations of the magnetic presheath showed that the canonical model fails to recreate several important features of the magnetized plasma boundary. Riemann presented fully 3D fluid models of the collisional and magnetic presheaths, including the effects of ion-neutral collisions, and found that ion fluid drifts in theẼ ÂB direction are comparable to c s . 10 These 3D flows were later predicted by Stangeby 9 and Ahedo. 11, 12 Ahedo also showed that when k=k mps $ 1, the collisional and magnetic presheaths merge "into a single quasineutral region, affected by both collisional and B-drift [Ẽ ÂB] effects." 11 Daube et al. 13 argued that fluid models of the magnetic presheath break down when ion flux tubes intersect the wall and that kinetic theories are necessary for predicting ion distribution functions at the sheath edge. In this region, the ion orbits intersect the boundary but the electron orbits remain closed. Tskhakaya and Kuhn 14 and Khaziev and Curreli 15 have since modeled multi-dimensional ion velocity distribution functions (IVDFs) at the sheath edge with obliquely incident magnetic field using PIC simulations demonstrating fully 3D particle flows.
There have been only three experimental investigations of the plasma boundary with obliquely incident magnetic fields. Kim et al. 16 and later Singha et al. 17 measured electric potential structures in front of a negatively biased plate with obliquely incident magnetic fields in a low temperature argon plasma. They were unable to measure ion drift velocities and thus could not validate the Chodura magnetic presheath model. Both works investigated weakly collisional magnetic presheaths, where k=k mps ! 10. They found regions of distinct d dx logð/Þ, where / is the local electric potential and x is the distance from the biased plate. The length of one of the regions was proportional to the Chodura prediction for k mps over a variety of experimental conditions. 16, 17 Because ion flows were not measured, it is unclear if the electric potential structures corresponded to Chodura's predictions. Siddiqui et al.
18 measured 2D ion flows to a grounded plate with an obliquely incident magnetic field in the plane of the electric and magnetic fields (theẼjjB plane) using laser-induced fluorescence (LIF). The measurements were performed in a helicon discharge at different neutral pressures such that k=k mps ¼ 0:5 to 4. These 2D ion flow measurements motivated our recent 3D ion flow measurements in the magnetic presheath. Both the 2D and recent 3D LIF measurements are the focus of this paper.
B. Importance of magnetic presheath physics
Tokamak wall loading
Understanding the magnetized plasma boundary is critical for mitigating deleterious effects in a number of important plasma applications. Tokamak first wall surfaces, such as divertor and limiter plates, are intersected by the background magnetic fields at large angles of incidence (w ! 80 ). The predicted particle heat fluxes for the next generation of tokamaks, such as the National Spherical Torus ExperimentUpgrade (NSTX-U), exceed the melting threshold for divertor materials 19 prompting the use of novel first wall surfaces and "snowflake" magnetic geometries. 20 Even with these creative solutions, wall particle fluxes generate significant impurities that detrimentally affect fusing plasma efficiency and particle transport. 21, 22 The sputtering rate of typical tokamak first wall materials is known to be non-linearly dependent on the impacting particle mass, velocity, and angle of incidence. 23 Understanding the physics of 3D ion and neutral distribution function evolution near absorbing surfaces with obliquely incident magnetic fields is critical for predictive modeling of sputtering, recycling, and erosion rates of fusion experiment divertor materials in both normal and snowflake magnetic geometries.
Tokamak fluid model boundary conditions
Many models exist that investigate plasma flows in tokamaks. The velocity boundary conditions for ideal MHD codes are often given by null-flow or no slip conditions at the plasma-wall interface. The consequences of these boundary conditions are a topic of on-going discussion. 24 Twofluid scrape off layer turbulence models have started to account for detailed magnetic presheath physics including E ÂB and gradient drift effects. 25 The electric fields that drive ions towards the absorbing boundaries are generated by electron pressure gradients along and perpendicular to the background magnetic fields. These fields arise through the rp e term in non-ideal MHD equations. Experimental investigation of the plasma boundary with oblique magnetic fields is necessary to check theories of self-consistent electric field formation, and thus ion exit velocity conditions, in tokamakrelevant plasmas.
Hall thruster channel erosion
Hall thrusters are efficient plasma propulsion engines used for station-keeping on many manmade satellites and are candidate engines for the next generation of deep space science and exploration missions. Similar to experimental fusion reactors, a major limiting factor for Hall thruster operational lifetimes is the rate of erosion of the ionacceleration channel walls due to ion bombardment. Testing of Hall thruster prototypes is performed in the laboratory and via predictive computer codes of thruster wall erosion. HPHall, a popular hybrid PIC-ion fluid-electron code, predicts steady state potential and density profiles and ion impact velocities to the walls of common Hall thrusters. 26, 27 The code estimates wall sputtering rates using estimates for sputtering yields. Frequently, these models under-predict experimentally observed erosion rates. The ion acceleration channels contain largely radial magnetic fields to confine the electrons byẼ ÂB drifts. The magnetic fields intersect the thruster channel walls at oblique angles. Xenon is ionized at low axial positions and accelerated by the axial electric field near the exit aperture. The acceleration of the ions produces net thrust. Figure 3 compares the wall erosion prediction from Figure 2 to an experimental 1000 h wall erosion test. 28 The pink and black lines show the location of the upper channel wall of the Hall thruster in the simulation and experiments, respectively. The different symbols represent different times in the tests. HPHall accurately predicts experimentally observed wall erosion rates near the thruster exit aperture at an axial position of 0.025 m. However, the model significantly underpredicts the observed erosion upstream in the thruster channel around an axial position of 0.02 m in Figure 3 .
The discrepancy may be caused by the common assumption that the ions are unmagnetized everywhere in the system. HPHall neglects the ion motion in theẼ ÂB direction during the particle push stage of the ion PIC code. 29 In the upstream region, the ions have low energy as they have not yet been accelerated by the axial electric field around the exit aperture, and the magnetic fields are obliquely incident to the walls. As with tokamak first wall sputtering, the sputtering yields of typical thruster wall materials (typically alumina or boron nitride) are highly dependent on the impacting species energy and angle of incidence. 30 In this paper, we show that the under-predicted wall erosion in the upstream regions of Hall thrusters may be due to unaccounted magnetized 3D acceleration of ions near the wall, especially in thẽ E ÂB direction.
II. EXPERIMENTAL SETUP
In this work, we present ion flow measurements to a grounded stainless steel limiter plate held at varying angles relative to the background magnetic fields in argon helicon discharges to check models of the plasma boundary with obliquely incident magnetic fields under plasma conditions relevant to the applications noted in Secs. I A and I B. The initial measurements were performed in the Magnetized AnisotRopic Ion distribution Apparatus (MARIA) at the University of Wisconsin-Madison, which motivated further measurements in the Hot hELIcon eXperiment (HELIX) at West Virginia University.
A. Helicon apparatus
Helicon discharges are plasmas maintained by resonant interaction of a bounded radio-frequency (RF) whistler wave and other coupled modes with the ionized gas. Recent reviews on helicon plasmas are given by Scime et al. 31 and Chen. 32 Helicon plasmas are ideal for studying technologically relevant boundaries in magnetized plasmas, as they contain background magnetic fields and generate plasma densities and temperatures comparable to the boundary regions of tokamaks and high power Hall thrusters. Table I compares common helicon discharge parameters with a detached scrape off layer plasma from the DIII-D tokamak 33 and an upstream region in a BHT-600 Hall thruster. 30 n o is the plasma density and n n is the neutral density.
A diagram of the MARIA helicon system is shown in Figure 4 . The apparatus consisted of a 10 cm inner diameter and 1 m long Pyrex tube vacuum chamber attached to a cross tee pumping section. The tube was held in the center of six electromagnet pancake coils, which produced an axial magnetic field of 1 6 0.03 kG inside the vacuum chamber. Argon gas was fed into the system via a mass flow controller from the pumping station. A 16 cm long m ¼ À1 helicon antenna was wrapped around the Pyrex tube as shown in Figure 4 . Up to 750 W of RF power at 13.56 MHz was coupled to the antenna via a p matching network.
A grounded stainless steel limiter plate was held approximately 30 cm downstream of the edge of the antenna. The plate was held at w ¼ 16 ; 30 ; 45 , and 60 relative to the background magnetic field. An RF-compensated Langmuir probe was inserted upstream of the plate to measure plasma density and electron temperature profiles in the system. The probe tip was a 0.6 mm diameter and 5 mm long tungsten wire held by a 0.6 cm diameter alumina collar. The collar was held by a 0.6 cm diameter stainless steel translatable probe shaft with a 90 bend near the collar. The probe tip was oriented perpendicularly to the magnetic field as shown in Figure 4 . The grounded stainless steel shaft was isolated from the plasma by a thin glass sleeve to minimize perturbations to the system. Because the probe radius was approximately 50k D , planar probe analysis was used when interpreting the ion saturation of the probe characteristic. 34, 35 Ion flow was measured upstream of the grounded plate in two dimensions using LIF as depicted in Figure 5 . Because several LIF schemes were used in this work, we give a description of the LIF systems in Sec. II B. For the measurements taken in MARIA, ion flow was investigated in the plane defined byn ÂB, wheren is the normal vector to the limiter surface facing the plasma. In Figure 5 ,n ¼ẑ. We also refer to this as theẼjjB plane. Figure 6 shows a depiction of the HELIX apparatus. The helicon source is attached to a large plasma expansion chamber called the Large Experiment on Instabilities and Anisotropies (LEIA). All the measurements presented here from West Virginia University were taken in the HELIX Figure 6 . Up to 1.5 kW of RF power at 9.5 MHz is coupled to the antenna via a p matching network. The chamber is held inside 10 electromagnet pancake coils, which produce an axial magnetic field of up to 1.2 6 .01 kG in the test section. 63 cm downstream from the near edge of the antenna, a series of four 15 cm (6 in.) crossing ports permit access to the plasma. A grounded stainless steel limiter plate is inserted into the system via one of the 15 cm ports, as shown in Figure 6 . The other ports in this section allow for 3D LIF measurements in a volume around the inserted plate. Figure 7 shows a cutaway of the 15 cm crossing port section on HELIX with the grounded limiter inserted and with the 3D LIF translation stage shown. The brown rectangular cutaway slabs represent the epoxy-embedded field coils, the translucent purple represents the plasma, the copper helix near the right edge of the figure shows the RF antenna, the red beam shows a sample radial injection laser, and the vertical blue beam shows a sample collection volume of the LIF collection optics. For the measurements performed in HELIX, the grounded plate was held at w ¼ 80 relative to the 700 G axial magnetic field. Measurements presented here are in all three dimensions including theẼ ÂB direction, which was not accessible during the MARIA experiments.
B. Laser-induced fluorescence
The primary diagnostic used in these measurements was LIF. 36 LIF is an absorption spectroscopy technique that measures the velocity space distribution of a specific state of atoms or ions in the direction along the laser injection path. Therefore, LIF permits investigations of plasma boundary particle flow structures and distribution functions, the key quantities that define the boundary conditions in plasma edge models and that determine wall loading and erosion rates. Figure 8 shows a cartoon of a three level non-resonant LIF scheme. A laser is tuned to a frequency corresponding to an energy level transition from a long lived (ground or metastable) "initial state" excited to a higher energy level, the Due to thermal and drift motions, some of the atoms or ions move relative to the laboratory reference frame. The laser photons in the atom/ion rest frames are Doppler shifted, such that the observed laser frequency is given by
where f obs is the laser frequency observed in the atom/ion reference frame, f o is the laser frequency in the laboratory reference frame, v is the atom/ion velocity in the lab frame, and c is the speed of light in vacuum. The atom/ion will only be excited to the pumped state if f obs corresponds to the energy level transition between the initial and pumped states, such that f obs ¼ ðE pumped À E init Þ=h, where h is the Planck's constant. If the initial electronic state of the atom/ion is not saturated 37 and if the lifetime of the pumped state is very short compared to the timescales of interest to the experimenter, then the intensity of the emission photons is proportional to the density of the initial state in the interrogated volume of plasma. Carefully scanning the laser frequency and observing the intensity of the emission photons yield the density of absorbers moving at a velocity, such that the Doppler-shifted photons excite the atoms/ions to the pumped state. Thus, the emission photon intensity versus laser frequency is a proxy for the absorber particle velocity space distribution function in the dimension of laser injection.
Because of the magnetic fields in helicon sources, the energy levels of both the initial and pumped states are split by the weak field Zeeman degeneracy. The allowed transitions between these states fulfill the Dm ¼ 0; 61 selection rule, where m is the magnetic quantum number. 
Several LIF schemes were used in the measurements presented here. We summarize the pump and emission nonDoppler-shifted vacuum wavelengths in Table II. 36,39 Figure 9 shows a diagram of the optics for all LIF measurements. The laser beam was simultaneously coupled into a wavemeter and an iodine gas absorption cell via two 10% beam splitters for real-time wavelength monitoring. The remaining light was either free-space injected (as in Figure 9 ) into the plasma or coupled into an optical fiber and sent to the appropriate injection port on the MARIA and HELIX systems (as in Figures 4  and 5 ). To avoid spurious signals generated by laser reflection off the chamber walls and the plate, razor blade stack beam dumps were built into the plate surface and the regions of the chamber wall hit by the laser. No anomalous "reflected" laser signals were observed, even when taking measurements close to the boundary surfaces. For injection parallel to the magnetic field, the light was circularly polarized prior to injection via a linear polarizer and a 1/4 wave plate to selectively pump one of the Zeeman split r lines. For injection perpendicular to the magnetic field, the light was polarized parallel to the magnetic field lines to selectively pump the p transitions. Injected laser power into the plasma varied from 80 mW to 250 mW depending on the laser used and the coupling efficiency of the injection fiber. Emission light was collected via a 5 cm diameter collection optic for the MARIA helicon system and a 2.5 cm collection optic for the HELIX system. The emission photons were then coupled into a multimode collection fiber and sent to a narrow bandwidth (1 nm) line filter centered on the emission line of the LIF scheme being used (see Table II ). The filtered light was measured by a photomultiplier tube (PMT), whose output was monitored by a Stanford Research lock-in amplifier. The amplifier was referenced by a mechanical chopper operating at 2 kHz that modulated the laser beam line prior to injection into the plasma. The lock-in amplifier reduced the decorrelated background noise level. The amplifier output versus laser frequency yielded a measure of the absorber distribution function plus noise. The results were fit using a non-linear fitting algorithm to a Gaussian line shape to determine the absorber population temperature and drift velocity along the direction of laser injection.
III. RESULTS

A. Magnetic presheath experiments in MARIA
The initial argon ion flow measurements were obtained in MARIA in 2D in theẼjjB plane as shown in Figure 5 . For the data presented, 1 mTorr of argon was injected and 500 W of RF power was coupled to the helicon antenna. This produced plasmas with a peak density of 1:2 6 0:1 Â 10 12 cm À3 upstream from the grounded plate and an electron temperature of %4 eV. 18 Assuming a uniform distribution of Ar-I throughout . The ion-neutral charge exchange collision length, k, was approximately 2 cm. k ¼ 1= n n r, where r is the ion momentum transfer collision cross section. Tabulations of collision cross sections between Ar-II and Ar-I are provided by Phelps. 40 Under these plasma conditions and for w ¼ 16 to 60 , the ratio of k=k mps ranged from 2.5 to 0.7. Figure 10 shows representative electron temperature and ion density profiles for the w ¼ 16 dataset versus the absolute axial position in the MARIA system. The grounded plate is located between the axial positions of 1.5 and 2.5 cm. The 1 mTorr data do not exhibit strong radial plasma density gradients across the measurement plane (see Figure 5 ), unlike in higher density and higher power helicon operating conditions. Previously published data at higher neutral pressures (3 and 6.5 mTorr) do show evidence of radial plasma density gradients. 18 Figure 11 shows 2D vector flow fields of the argon ions taken upstream of the grounded plate in MARIA for w ¼ 16 to 60 using the 668 nm pump laser LIF scheme (see Table II ). The measurements were performed at the locations of the arrow tails, and the lengths of the arrows are proportional to the ion speed. Due to sputtering of the plate onto the Pyrex walls of the vacuum chamber, the measurements had to be performed quickly as the walls rapidly became opaque to the LIF laser. This reduced the number of averages possible at each measurement location and increased the uncertainty of the measured flow speeds. Uncertainties were determined by fitting the measured IVDFs to Gaussian curves and determining the range in values of fitted drift velocities that yielded R 2 measures within 90% of the best fit determined by an automated fitting algorithm. Typical ion flow speed uncertainty was $300 m/s. At some locations, measurements were not possible before the Pyrex walls become blackened due to plate sputtering.
The red ovals in Figure 11 show the locations where the ion drift velocities parallel to the magnetic field lines, v jj , equal the sound speed, c s . The widths of the ovals indicate the uncertainty of measured parallel sonic locations due to the size of the LIF collection volume (3 mm Â 2 mm Â 2 mm) and uncertainties in the measured ion drift velocities. As the electron Debye length was 10 À5 m, the sheath was too narrow to resolve in front of the plate. Within the spatial resolution of the LIF diagnostic, the location of the grounded limiter was the location where the ion drift velocity normal to the plate equaled the sound speed. Chodura's prediction for k mps , the distance normal to the grounded plate where v jj ¼ c s , is shown by the black ovals in Figure 11 . It is clear from Figure 11 that the Chodura picture is inaccurate. To investigate the cause of the discrepancy, a 3D fluid model is presented in Sec. III B and ion flows in theẼ ÂB direction taken in HELIX (the direction unable to be probed in MARIA) are presented in Section III D.
B. 3D fluid model of the magnetic presheath
Both Riemann 10 and Ahedo 11 predicted that the Chodura model would not accurately describe the ion flow field structures in the plasma boundary with oblique magnetic fields. They suggested that the discrepancy is caused by collisional drag on the ions, which Chodura did not include in his model. To investigate the effects of background neutrals, we developed a 3D fluid model that includes ion-neutral collisions, ionization, and ion pressure effects. Ionization was significant as iz $ c $ 10 3 s À1 for the densities and temperatures in the system, where iz is the ionization frequency and c is the ionneutral collision frequency. The model equations were r Á ðn iṽ Þ ¼ n e n n K; (3)
where n i;e;n is the ion/electron/neutral gas density, m i is the ion mass, K is the ionization rate constant, / is the electric potential,B is the background magnetic field, e is the fundamental charge, and p i is the ion pressure. For 7 ! T e ! 1 eV, K has been fit by Gudmundsson (as referenced by Lieberman and Lichtenberg
41
) to be
The ion-neutral momentum transfer collision frequency is c ¼ n n rv, where r is the ion-neutral momentum transfer collision cross section. Ion pressure is calculated from the ideal gas law such that p i ¼ n i T i . The Boltzmann relation for electron density (Equation (5)) is generally valid along magnetic field lines. Values for n 0 can vary across magnetic field lines, but for regions of small cross field gradients in upstream density (dn=n o ; dT e =T eo 20%, as in Figure 10 ), the Boltzmann relation also holds across field lines. We assumed quasineutrality in the presheath (n i % n e ).
We evaluated the equations in the rotated frame of reference shown in Figure 12 . To simplify the analysis, we evaluated the 3D fluid equations in a Cartesian coordinate space, x, y, and z, and held Figure 12 ), which ensured that cross field variations in T e , n i , and v were less than 20%. As w increased, the @ @x ; @ @y % 0 assumption became less valid as motion along x translated to increasing motion along d, which exhibited variations in n i . The model was evaluated from d 2 to d se in Figure 12 . For positions closer to the plate, quasineutrality was no longer maintained. Given these assumptions, Equations (3)- (6) became
where v x;y;z is the ion drift velocity in the respective dimension,
, x x ¼ eB sinðwÞ=m i , and x z ¼ eB cosðwÞ=m i . Rearranging and combining Equations (9) and (10), we obtain
This is the same system of equations evaluated by Riemann 10 and Ahedo 11 in the limit of T i ( T e , except for the inclusion of ionization in the presheath. In Equation (11), artifact of the fluid model. Near the sound speed, the plasma boundary becomes non-neutral breaking the quasineutrality assumption. The ion flow singularity is pervasive among quasineutral models of the plasma boundary and is used by Riemann as a definition for the sheath-presheath interface in the limit that k D is much shorter than every other scale length in the system. 3 We integrated these equations numerically from z us to z ¼ 0, using data for n i , T e , andṽ as values for the upstream boundary conditions. v y was used as the fitting parameter as it was not measured for the experiments in MARIA. Figure 13 shows fits from the numerical calculation of the fluid model to data for v jj as a function of d=q i , the axial distance from the grounded plate normalized to the ion Larmor radius. The integration was terminated when v z ¼ ffiffiffiffiffiffiffiffiffiffiffi ffi T e =m i p . Figure 14 shows the calculated ion drift velocity profiles for the 1 mTorr data in the Cartesian coordinate space. All the calculated v z profiles approached the ion sound speed at the sheath edge. Figure 14(d) shows the calculated ion velocity profiles in the y-direction, which were not measured for these experiments. The y-velocity boundary conditions were chosen to achieve monotonically increasing 
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Reuse of AIP Publishing content is subject to the terms at: https://publishing.aip.org/authors/rights-and-permissions. Downloaded to IP: 157.182.27.154 On: Thu, 10 Mar velocity profiles that matched the data in the dimensions measured. Consistency between the data and the fluid model required significant ion drifts in theẼ ÂB ðÀyÞ direction. This was the direction that was unable to be probed by LIF in the MARIA experiments, prompting their investigation using the fully 3D LIF stage on HELIX at West Virginia University (presented in Section III D). As w increased, a more negative v y upstream starting value was required. This may have been due to greaterẼ ÂB drift velocities caused by a larger component ofB normal to the presheath electric field in the z direction, as well as a greater presheath electric field that accelerated ions to fulfill v z ¼ c s at the sheath edge. Both Riemann 10 and Ahedo 11, 12 predicted strongẼ ÂB directed ion flows in their fluid models of the magnetic presheath.
C.Ẽ 3B flows and the need for 3D measurements
The possibility of 3D ion flow near the wall (un-measureable in the MARIA experiments) has implications for the HPHall erosion model discussed in Introduction. The HPHall code explicitly omits the ion particle velocities in theẼ ÂB direction under the assumption that the ions are unmagnetized. 26 In the upstream regions of Hall thrusters, such as near an axial position of 0.02 m in Figures 2 and 3 , the ions are cold and have not yet experienced the accelerating electric field near the Hall thruster exit aperture. At these upstream locations, the cold ions may have Larmor radii smaller than the channel width for typical Hall thruster magnetic strengths of a few hundred Gauss. In these cases, the ions that impinge on the channel walls upstream of the exit aperture may still be magnetized and, thus, experience the 3D acceleration forces in the plasma boundary layer surrounding the channel walls. This 3D acceleration would change the ion angle of impact to the thruster walls in the upstream regions, enhancing the wall erosion rate. 30 Therefore, 3D ion acceleration in the plasma boundary may account for the observed discrepancies in the predicted and measured Hall thruster wall erosion rates of the upstream channel walls, as shown in Figures 2 and 3 . To investigate these ion particle flows in thẽ E ÂB direction, we performed LIF measurements in the magnetic presheath in this direction using the 3D LIF stage on the HELIX experiment at West Virginia University.
D. Magnetic presheath measurements in HELIX
The results of the 2D investigations in MARIA motivated 3D measurements of IVDFs near an absorbing boundary at large w. Follow-up measurements were therefore performed in the HELIX system at West Virginia University for w ¼ 80
. We stress that the HELIX experimental results presented here are preliminary, and further analyses and results await future, dedicated publications. Figures 15 and 16 show side and on-axis views of the grounded plate inserted into the 15 cm four way cross section in HELIX (see Figure 7 for a CAD cutaway of this section). Figure 17 shows an image of the grounded plate inside the test section during a plasma shot. The grounded plate is highlighted with a white line to make its location apparent. The "blue core" helicon plasma streams are from the right side of the image. As the core approaches the plate, it is partially diverted off the axial magnetic field lines, providing an excellent visual for the effects of magnetic presheath electric fields. For the measurements in HELIX, because of the conventions of the 3D LIF stage, the Cartesian coordinate frame is oriented, such that the z-axis is antiparallel to the axis magnetic field, the x-axis is parallel to the grounded plate surface (into the page in Figures 15 and 17) , and the y-axis is normal to both. The origin of this coordinate system is shown by the yellow star in Figures 15 and 16 . In this frame, assuming an electric field pointed normally towards the plate in the plasma boundary region, theẼ ÂB direction is in the positive x-direction. Unlike the experiments in MARIA, the HELIX 3D LIF stage allows for easy measurements of ion flow in this direction as shown in Figures 7, 15 , and 16.
To investigate 3D ion flow acceleration in theẼ ÂB direction, two sets of measurements were performed. A 2D flow field was measured in the y ¼ 0 plane, and a series of IVDFs were acquired in the x-direction at different locations in y. The helicon was operated at 700 G axial magnetic field strength, 650 W forward RF power at 9.5 MHz, and 3.5 mTorr argon fill pressure. Typical electron temperatures and densities for these discharge parameters range from 3 to 5 eV and 10 12 to 10 13 cm
À3
. Figure 18 shows a 2D ion vector flow field in the x-z plane from z ¼ 0 through z ¼ 3.5 cm, and from x ¼ À0.5 to x ¼ 0.5 cm. The line z ¼ 0 is the location where the plate intersects this plane, as depicted by the thick dashed line. The vector lengths are proportional to the speed of the measured ion flow. Sample IVDFs in the x-and z-directions at a position of z ¼ 2 cm and x, y ¼ 0 cm are shown in Figure 19 . The direction of the arrows in Figure 18 shows the net ion drift velocity, and the measurements were performed at the locations of the arrow tails. A drift in the x-direction is observed close to the grounded plate near z ¼ 0 cm. The x-direction represents theẼ ÂB direction, assuming a plate directed electric field normal to the boundary. These represent the first measurements of ion flow in theẼ ÂB in the plasma boundary with oblique magnetic fields. We must be cautious not to ascribe these flows toẼ ÂB drifts. At locations z < 3 cm, the ion flux tube intersects the plate. Thus, the continuity equation in the previously described fluid model is not accurate. To further illustrate this point, Figure 20 shows a series of IVDFs in the x-direction (theẼ ÂB direction) above the x ¼ 0 cm, z ¼ 0.5 cm point at y ¼ À0.2, 0.2, 0.5, and 0.8 cm. This location is indicated by the red X in Figure 18 . The IVDFs are interpolated between these measurements, and the color in Figure 20 shows the intensity of the LIF signal at each y, v x location. The plate intersects the plane of measurements in Figure 20 and v x ¼ 1200 m/s closer to the plate. The majority of this shift occurs at y ¼ 0.5 to 0.6 cm. The intensity of the LIF signal also decreases rapidly at this position. For an ion temperature of 0.3 eV and a 700 G magnetic field, the ion flux tube is approximately 1 cm in diameter. Therefore, the rapid shift in the centroid of the IVDF and the sudden change in LIF intensity occur approximately at the location where the ion flux tube begins to intersect the grounded plate, 1 cm above the plate location of y ¼ À0.3 cm. This suggests that the flux tube interaction with the absorbing boundary plays a significant role in the IVDF evolution near walls with obliquely incident magnetic fields.
IV. DISCUSSION
A. Charge exchange in the plasma boundary region Both the fluid model results and the measured 3D ion flow results show that fully three-dimensional ion acceleration occurs within one ion-neutral charge exchange collision length of the wall. This is illustrated by Figures 18 and 21 . In Figure 18 , the dotted blue line indicates the distance upstream from the boundary corresponding to one charge exchange collision length in HELIX. Figure 21 shows the difference between the data-benchmarked fluid model ion velocity in the x-z (ẼjjB) plane and the velocity parallel to the axial magnetic field. The larger the difference the more the fluid model ion flow deviates from purely parallel flow to the magnetic field lines. The vertical dotted line at z=q i % 4 indicates the length of one ion-neutral charge exchange collision length in the system using the estimated neutral density from the pressure measurement and the charge exchange collision cross section from Phelps. 40 Both figures show that for all w investigated, the ion acceleration off the magnetic field lines occurs within one collision length of the wall. As ions accelerate towards the wall, they orbit around the local magnetic field lines. Hence, the actual path length traversed by the ions as the fluid accelerates in 3D is significantly longer 
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Reuse of AIP Publishing content is subject to the terms at: https://publishing.aip.org/authors/rights-and-permissions. Downloaded to IP: 157.182.27.154 On: Thu, 10 Mar than the single collision length depicted. This indicates that as ions are accelerated in 3D towards the wall, charge exchange collisions with background neutral particles generate a population of fast neutrals that impinge on the wall at various angles of incidence. These neutrals are not directed by the electric and magnetic forces and due to the resonant charge exchange interactions, and have the velocity of the ions prior to the collisions. Because the neutral particles are as massive as the ions, they are equally damaging to first wall materials. Therefore, to accurately predict wall loading and sputtering rates in applications such as divertor tokamaks, the details of the ion-neutral interactions in the presheath regions of the plasma boundary must be resolved.
B. Necessity of kinetic theory to describe the magnetic presheath
Because the magnetic fields intersect the wall at oblique angles, an ion flux tube impinges on the boundary prior to its guiding center. Kim et al. 16 showed that this occurs when the flux tube guiding center is q i sinðwÞ normally distant from the absorbing boundary. When the flux tubes intersect the wall, particle loss terms must be included in the continuity equation and the fluid model breaks down. Because the fluid models by Riemann 10 and Ahedo 11 treated the ions as perfectly cold, this physics was not included in their analyses. In the measurements taken in MARIA, ion flux tube intersection occurs in the w ¼ 60 dataset at a position of d=q i % 2 in Figure 13 . This is approximately the same location where the fluid model fails to accurately fit the data for the MARIA measurements.
Suggestive flux tube-wall interactions are also observed in the HELIX measurements. Figures 18 and 20 show significant ion drifts in theẼ ÂB direction within one ion Larmor radius from an absorbing boundary with obliquely incident magnetic fields. As the fluid models in these regions fail, kinetic theory is necessary to account for ion losses to the wall at the locations where the flux tube touches the boundary. The axial location where the ion flux tubes hit the plate moves further upstream from the location where the guiding center intersects the absorbing boundary, as the ions heat up and the magnetic field becomes more obliquely incident. In certain applications, this point can occur several ion-neutral collision lengths upstream from the boundary. Therefore, the ions charge exchange with background neutrals and generate a damaging non-Maxwellian fast neutral population. To accurately determine particle fluxes to the surface, both the ion and the neutral particle distribution functions must be resolved as a function of distance upstream from the absorbing boundary. This situation is especially relevant for tokamak divertors, where the upstream plasma can have ion temperatures of a few eV and the neutral density can be significant enough to generate large populations of damaging charge exchanged particles.
V. SUMMARY
In this work, we give a history of the study of the plasma boundary with oblique magnetic fields and present the first 3D ion flow measurements using laser-induced fluorescence in such regions. 2D ion flows measured in the magnetic presheath in the MARIA experiment at the University of Wisconsin-Madison were observed to follow fluid model predictions only in regions where the ion flux tube does not intersect the absorbing boundary, and when including effects of neutral collisions, ion pressure, and ionization. The measurements did not agree with Chodura's neutral-free model predictions.
1Ẽ ÂB directed flows were predicted by the 3D fluid model within one ion-neutral collision length normal to the boundary, which suggests that fast, charge-exchange neutral particles impinge on the wall at various angles of incidence. These neutral particles must be included in wall sputtering models to accurately predict erosion rates. Also, unaccountedẼ ÂB-directed flows may be the cause of discrepancies between measured and predicted erosion rates in the upstream regions of Hall thruster channels. Ion flows in theẼ ÂB direction were measured for the first time using LIF in the HELIX system at West Virginia University, in regions where the ion flux tubes intersected the boundary. Finally, we show that tokamak divertor-relevant plasma boundaries, due to their highly oblique magnetic fields and hot ion temperatures, require a kinetic theory of both the ions and neutrals to accurately predict wall particle fluxes and sputtering yields.
The effects described herein are all driven by the presheath electric fields rather than the sheath electric fields. The relatively weak presheath electric fields that occur in the quasineutral region of the plasma boundary extend over scale lengths long enough for 3D ion acceleration and neutral collisions to become important. When only accounting for short scale sheath effects, these important long range aspects are ignored resulting in "anomalous" observations of wall erosion and sputtering.
